The phytohormone abscisic acid (ABA) mediates drought responses in plants and in particular triggers stomatal closure. Snf1-related kinase 2 (SnRK2) proteins from several plant species have been implicated in ABA signalling pathways. In Arabidopsis thaliana guard cells, OST1/SRK2E/SnRK2-6 is a critical positive regulator of ABA signal transduction. A better understanding of the mechanisms responsible for SnRK2 protein kinase activation is thus a major goal towards understanding ABA signal transduction. Here, we report the first successful purification of OST1 produced in E.coli: the protein is active and autophosphorylates. Using mass spectrometry, we identify 5 target residues of autophosphorylation in recombinant OST1. Sequence analysis delineates two conserved boxes located in the carboxy-terminal moiety of OST1 after the catalytic domain: the "SnRK2-specific" box (Gln303 to Pro318) and the "ABA-specific" box (Leu333 to Met362). Site directed mutagenesis and serial deletions reveal that Ser175 in the activation loop and the "SnRK2-specific" box are critical for the activity of recombinant OST1 kinase. Targeted expression of variants of OST1 kinase in guard cells uncovered additional features which are critical for OST1 function in ABA signalling although not required for OST1 kinase activity: serines 7, 18 and 29 and the "ABA-specific" box. Serines 7, 18, 29 and 43 represent putative targets for regulatory phosphorylations and the "ABA-specific" box may be a target for the binding of signalling partners in guard cells.
INTRODUCTION
Drought is a major environmental constraint, and plants have developed several protective strategies to survive this stress. Most plants first respond to drought by closing their stomata to prevent water loss via transpiration. Abscisic acid (ABA) is a major phytohormone in higher plants which mediates drought responses in plants and particularly reduction of stomatal conductance through its action on guard cells (Tardieu et al., 1992) . Regulation of potassium and anion channels in response to ABA leads to a rapid decrease in osmotic pressure and consequently a massive efflux of water from guard cells. This decrease in turgor results in closing of the stomatal pore. If the mechanism of the stomatal closure is now quite well described (Roelfsema and Hedrich, 2005) , a thorough understanding of the signal transduction pathway of ABA in guard cells will clearly require further research. Many second messengers and genes have been shown to be involved in ABA signal transduction, but little evidence exists concerning molecular interactions between these components (Hetherington, 2001; Schroeder et al., 2001; Himmelbach et al., 2003) . Moreover, although an ABA receptor was recently characterized (Razem et al., 2006) , it is not active in guard cells and the molecular mechanisms of ABA perception in these cells remain unknown.
Former studies reported the involvement of Snf1 Related Kinase 2 (SnRK2) proteins in ABA signal transduction pathways. First, PKABA1 was implicated in ABA signal transduction in wheat (TaPKABA1) and barley (HvPKABA1) seeds (Anderberg and Walker-Simmons, 1992; GomezCadenas et al., 1999) . Then, the Vicia faba SnRK2 protein AAPK was shown to be activated by ABA in guard cells (Li et al., 2000) and to control stomatal response to ABA. More recently, its ortholog in Arabidopsis, OST1/SRK2E, has been identified as a key component of ABA signal transduction in guard cells (Mustilli et al., 2002; Yoshida et al., 2002) . Mutations in OST1 gene severely impair both stomatal closure and inhibition of stomatal opening induced by ABA. In contrast, ost1 mutants display wild-type ABA responsiveness in seeds. They are thus the first recessive mutants which specifically affect ABA signal transduction in guard cells.
Several studies have reported the phosphorylation of substrates by ABA activated SnRK2 in different plant species. They include bZIP transcription factors such as TaABF from wheat (Johnson transduction. Truncated versions also allow us to investigate the role of the C-terminus. We report here the identification of conserved features critical for OST1 kinase activity and function in guard cells.
RESULTS

The recombinant OST1 protein is an active kinase and autophosphorylates
To study the kinase activity of recombinant OST1, a vector was constructed which allowed expression of a 10xHis N-teminal tagged OST1 protein in E.coli. Figure 1A shows the different steps of 10xHis-OST1 production and purification under native conditions. Large amounts (>20 mg) of highly purified (>95%) recombinant OST1 were obtained. Assays for kinase activity show that this recombinant kinase is able to efficiently phosphorylate generic substrates such as histone (Figure 1B) and MBP (Myelin Basic Protein, data not shown). Moreover, the occurrence of a band corresponding to the size of OST1 (about 50 kDa) suggests it is able to autophosphorylate. This is confirmed by kinase assays performed in the absence of a substrate ( Figure 1C ). In addition, a modified kinase assay, using either [α-33 P]ATP as a substrate or with the addition of unlabelled ATP 1 minute prior to stopping the reaction, shows that the signal at OST1 size is due to autophosphorylation rather than binding of radioactive ATP ( Figure 1C ). In contrast, the mutated recombinant version 10xHis-OST1 G33R corresponding to the protein encoded by the ost1-2 allele (Mustilli et al., 2002) purified in the same conditions is totally inactive ( Figure 1B ).
Phosphorylation is required for OST1 activity
Active OST1 kinase is slightly shifted to higher apparent molecular mass compared to inactive OST1 G33R mutant ( Figure 1B ). In rice, such shifts have been correlated with phosphorylations of SnRK2 kinases (Kobayashi et al., 2004) . Moreover, active recombinant OST1 is able to autophosphorylate. These results lead us to test the importance of OST1 phosphorylation status for its activation in guard cells. Using an OST1 specific antiserum, we immunoprecipitated OST1 from extracts of purified guard cells treated or not with ABA. Figure 2 shows that ABA induced kinase activity is immunoprecipitated from wild type guard cells. This kinase activity is absent from srk2e extracts, demonstrating that it corresponds to OST1. It is abolished when immunoprecipitated proteins are dephosphorylated before the kinase assay (Figure 2 ). This indicates that OST1
phosphorylation is critical for its activity in guard cells and lead us to analyse differences of phosphorylation status between active and inactive recombinant proteins.
Serines 7, 18, 29, 43 and T-loop are targets of autophosphorylation of OST1 in vitro
Mass spectrometry (MS) studies were performed in order to detect phosphorylated residues in the recombinant OST1 protein. The average mass of 10xHis-OST1 measured by MALDI-MS analysis was about 400 Da above the theoretical value calculated from the sequence. However, the pseudo-molecular ion cluster was broad and unresolved. More convincing indications of phosphorylation were obtained by means of ESI-MS analysis of recombinant proteins 10xHis-OST1 and 10xHis-OST1
G33R
. Seven different protein species were separated for active OST1 with masses ranging between 46,658 and 47,151 Da (Table I) . A comparison between the theoretical mass of the recombinant protein (46,342 Da, taking into account excision of the N-terminal methionine) and experimental masses indicates that these different species correspond to isoforms of the protein carrying from 4 to 10 phosphate groups. Indeed, the average masses of the seven detected protein species differ by 80 Da, i.e. the mass of one added phosphate group. The analysis of OST1 G33R led to a major peak at 46,436 Da that matches the theoretical mass of unphosphorylated OST1 G33R and a minor one which probably corresponds to a degradation product. We may thus conclude that 10 residues of 10xHis-OST1 recombinant protein are targets of autophosphorylation.
In a second stage, MS/MS analysis of a tryptic digest of recombinant OST1 was used to map target residues. A combination of MALDI-Q/ToF and nano-LC-ESI-Q/ToF analysis led to 68% sequence coverage of the fusion protein; this low score is explained by the fact that the tryptic peptide accounting alone for 22 % of the sequence was not detected. Nine potential phosphorylation sites were detected by a combination of exact mass measurement of precursor ions and observation of neutral loss (H 3 PO 4 ) from these ions (Supplemental Table I Thus, mass spectrometry pointed out 6 residues that are putatively important for OST1 activity regulation by phosphorylation, namely serines 7, 18, 29, 43, 175 and threonine 176 (Figure 3 ).
S175 and T176 are critical for OST1 biochemical in vitro activity
In a first step, the requirement of each of the candidate phosphorylated residues identified for kinase activity of the recombinant fusion protein was tested. Each was substituted, either for an alanine to prevent phosphorylation or for an aspartate to mimic a constitutive phosphorylation. (200 -250 nm) revealed that none of the mutations drastically modified OST1 secondary structure (mostly α helices -data not shown). Figure 4A shows that mutations of serines 7, 18, 29 and 43 do not critically affect kinase activity. Indeed quantification of three independent assays shows that activity ratios for the corresponding mutants are within the range 0.6 to 1.3 compared with wild-type OST1.
Phosphorylation on these 4 residues is thus not required for OST1 kinase activity in vitro.
In contrast, both mutations of S175 greatly affect ability of the kinase to phosphorylate a substrate ( Figure 4B ). In this case, it would appear that substitution of S175 for an aspartate does not mimic constitutive phosphorylation of the residue, as both mutants are equally impaired in kinase activity. The mutation T176 to aspartate is also critical for OST1 activity as we can only detect a slight band of autophosphorylation. However, the mutation of the same threonine to alanine has no effect on the kinase activity, demonstrating that phosphorylation of T176 is not required for OST1 activity. Two hypotheses may account for these results: either the threonine to aspartate mutation does, in this case, mimic constitutive phosphorylation and phosphorylation of this residue inactivates the kinase, or the T176D mutation results in a miss-folded protein when expressed in E.coli, which could explain the very low activity. At this stage, we cannot discriminate between the two hypotheses.
We conclude that serine 175 is critical for OST1 biochemical activity, in contrast with serines 7, 18, 29 and 43. However, these residues might still be targets of regulatory phosphorylation events in planta.
In planta studies focus on OST1 function in guard cells
To test the functionality of OST1 point mutants in plants, we generated a binary vector driving the expression of the protein of interest in fusion with a triple hemagglutinin (3xHA) N-terminal tag under the control of OST1 promoter. The use of the gateway™ cloning system and of seed-specific GFP expression as the selection marker (Bensmihen et al., 2004 ) allowed us to quickly generate and sort numerous lines in the srk2e background (Yoshida et al., 2002) .
The uidA gene was first inserted in this vector to test OST1 promoter specificity. Histochemical GUS staining in leaves ( figure 5A ) and all aerial organs (data not shown) confirmed that this vector allows a strong and specific expression of the protein of interest in guard cells. This is in agreement with the results reported previously (Mustilli et al., 2002 ).
An in-gel kinase assay (figure 5B) was performed on total protein extracts from Col and srk2e guard cells. This experiment confirmed that OST1 is strongly activated by ABA in wild-type guard cells while OST1 kinase activity is totally absent in the srk2e mutant background. In agreement with these results, srk2e mutant shows increased water-loss due to defects in stomatal closure. This phenotype can be monitored by infrared thermography (Merlot et al., 2002) as shown on figure 5C.
Guard cell specific expression in srk2e null mutant allows us to investigate OST1 function in the signalling pathways leading to stomatal closure whilst avoiding possible side-effects caused by ectopic expression from a 35S promoter or the presence of an inactive OST1 protein. OST1 function was investigated by testing mutant complementation using the infrared thermography approach on detached leaves to monitor stomatal aperture.
Serines 7, 18, 29, 43 and 175 play distinct roles in OST1 function in planta
In order to investigate in planta the function of the serines and threonine identified as putative phosphorylation targets, the point-mutated versions of OST1 were introduced into the srk2e null background and several independent lines selected for all constructs. GUS and OST1 lines were used as negative and positive controls for mutant complementation, respectively. Infrared images of detached leaves with wild type (Col) and mutant (srk2e) control leaves on each image were used to quantify the leaf temperature. Results in figure 6B show that GUS is unable to complement srk2e mutant whereas the wild-type "warm" phenotype is restored when OST1 is expressed in srk2e guard Figure 6C ). We conclude that serines, 7, 18 and 29 are critical for OST1 function in the signalling pathway leading to stomatal closure whereas serine 43 is involved in negative regulation of OST1 activity in the absence of ABA.
The C-terminal domain affects OST1 function through two conserved motives
In order to better understand how the carboxy-terminal domain affects OST1 function, we investigated the structure-function relationship of this domain. The alignment of the ten Arabidopsis SnRK2, shown in figure 7, reveals a highly conserved feature among the 10 proteins, between the Gln303 and the Pro318. We name it the "SnRK2-specific" box. This box is also conserved in all rice SAPK (Supplemental figure 1) . A second region after Ser332, which we name "ABA-specific" box, is conserved specifically among the three strongly ABA-activated kinases: OST1, OSKL2, OSKL3
( Figure 7 ), as well as in ABA-activated rice SAPK (Supplemental figure 1) . Based on these observations, we decided to dissect the function of these 2 domains by generating five truncated versions of the OST1 protein: OST1∆280 which is lacking all the C-terminal region, OST1∆302
which is lacking the "SnRK2" box, OST1∆320, OST1∆331 and OST1∆348 which is lacking half of In vitro kinase assays of recombinant proteins (Figure 8) show that OST1∆280 and OST1∆302 truncated proteins have no detectable kinase activity, while OST1∆320 activity is similar to the full length OST1 protein. Hence, the "SnRK2-specific" domain is necessary for OST1 kinase activity and its conservation suggests that it is responsible for the activation of all SnRK2 proteins. Longer truncated versions are all active when produced in E.coli. The second half of the C-terminal region, after Ala320, is thus not necessary for OST1 kinase activity. The efficiency of substrate phosphorylation however differs between versions, suggesting a role of this domain in modulating OST1 kinase activity.
Results of in planta complementation assays are shown in figure 9B and supplemental figure 3.
for OST1 activation by ABA and function in plants. In contrast, OST1∆348 fully complements srk2e transpiration phenotype and restores ABA responsiveness in stomatal bioassays (Figure 10 ).
OST1∆348 displays stronger activation by ABA than OST1 in plants ( Figure 9 ) although it shows a lower kinase activity in vitro than the full-length protein. The Asp348-Met362 stretch may be involved in a mechanism which negatively regulates OST1 activity. We conclude that the Leu333-Asp348 stretch within the "ABA-specific" box is critical for the activation and the function of OST1 in response to ABA in guard cells. This led us to check whether ABA could directly regulate OST1
activity. However, in vitro treatment of OST1 protein immunoprecipitated from plants by 10 µM ABA did not induce kinase activity (data not shown).
DISCUSSION
OST1 protein kinase is a positive regulator of stomatal closure in guard cells (Mustilli et al., 2002; Yoshida et al., 2002) . Here, we present results leading to a better understanding of how the structure of OST1 protein affects its function in guard cell specific signal transduction.
Several previous works reported that recombinant SnRK2 were inactive (Yoon et al., 1997; Li et al., 2000; Johnson et al., 2002; Mustilli et al., 2002; Kelner et al., 2004) . For the first time, we successfully produced in E.coli and purified a recombinant SnRK2 protein in a native active form.
This discrepancy is probably due to the use of different tags. Indeed, former attempts used GST or short 6xHistidine tags in N-terminal or C-terminal positions. In our case, a short 6xHistidine tag fused at the N-terminal did not allow a purification of native recombinant proteins (data not shown).
Only the construct with the gateway cassette allowed us to purify the 10xHistidine tagged protein, probably thanks to the short linker encoded by this cassette which provides a slightly longer tag.
The expression of SnRK2 recombinant proteins in E.coli allowed us to identify target residues of autophosphorylation in vitro. Using mass spectrometry, we found 4 unequivocal target residues:
Ser7, Ser18, Ser29 and Ser43, as well as a fifth peptide carrying 1 phosphate group for which we could not distinguish which one of Ser175 or Thr176 was the target residue. This peptide corresponds to the OST1 activation loop (or T loop). Activation loops of many kinases have been extensively studied and their phosphorylation is often necessary for kinase activity of the protein (Johnson et al., 1996; Adams, 2003 This is further supported by srk2e mutant complementation by OST1 T176A and OST1 T176D ( Figure 6 ).
In contrast, Ser175 is critical for kinase activity and corresponds most likely to the phosphorylated residue of the T-loop identified using mass spectrometry. Accordingly, neither OST1 S175A nor OST1 S175D are able to complement the srk2e stomatal phenotype.
Production of recombinant proteins also allowed us to investigate the structure-function SnRK2 reveals 2 conserved boxes within the 2 domains recently defined (Yoshida et al., 2006) : the "SnRK2-specific" box shared by all SnRK2 kinases and the "ABA-specific" box specifically conserved in subclass III of ABA-activated SnRK2. We demonstrate here that the "SnRK2-specific" box is necessary for recombinant OST1 kinase activity. Indeed, whereas the OST1∆320 version is fully active, removal of this box in OST1∆302 results in an inactive kinase. We propose therefore that the "SnRK2" box is important for general intramolecular mechanisms of SnRK2 activation rather than specific low humidity ABA-independent activation (Yoshida et al., 2006) .
We also identify four phosphorylated serines (Ser7, Ser18, Ser29 and Ser43) and another box OST1 is expressed in vascular tissues of all plant organs but its function in this context is unknown. In contrast, OST1 is a key regulator of stomatal movements. Because stomata are very specialized structures, it is likely that the mechanisms of OST1 regulation in guard cells differ with respect to other cell types. We use the OST1 promoter to focus our assay for in planta OST1 function on guard cell signalling pathway regulating stomatal aperture. GUS histochemical staining ( Figure   5A ) confirmed that OST1 promoter principally drives expression in guard cells (Mustilli et al., 2002) .
In our staining conditions, expression in vascular tissues is hardly detectable. Moreover, we investigated specific guard cell function of OST1 by monitoring transpiration by infrared thermography as well as direct measurements of stomatal aperture. Our functional analysis of OST1 structure-function in guard cells complements previous studies using suspension cells overexpressing SnRK2 proteins (Boudsocq et al., 2004; Kobayashi et al., 2004) or studies of OST1 in roots, where its function remains unknown (Yoshida et al., 2006) . It allows the identification of key structural features that might be relevant for OST1 modulation in the context of stomatal regulation.
The expression in the srk2e mutant of truncated OST1 versions which are inactive when produced in E.coli (OST1∆280 and OST1∆302) as well as point mutations of Ser175, which greatly affect in vitro activity of OST1 recombinant protein, do not allow mutant complementation. These results indicate that the function of OST1 in guard cells involves its kinase activity rather than a scaffolding of transduction components.
Among the mutations that do not impair recombinant OST1 protein kinase activity, mutated versions on Ser43 are able to complement srk2e mutant for guard cell phenotype. Interestingly, the OST1 S43A mutant kinase is constitutively active in plants. We propose that phosphorylation of this serine, which is perfectly conserved in SnRK2 and SnRK3 families, represses OST1 activity in the absence of ABA. Mutations on the three other identified serines affect the ability of OST1 to complement the mutant but not its activation by ABA in plants. We suggest that Ser7, Ser18 and propose that phosphorylation of this peptide may regulate OST1 function independently of its activation by changing the conformation of the N-terminus.
Domain-swapping experiments between ABA-responsive and non ABA-responsive members of the rice SnRK2 family have shown that the carboxy-terminal domain confers ABA responsiveness (Kobayashi et al., 2004) . More recently, 2 sub-domains (I and II) were identified within the Cterminus of Arabidopsis SnRK2 (Yoshida et al., 2006) . This laboratory proposed a model in which "domain II" would be responsible for ABA activation and "domain I" for activation by an ABAindependent pathway. Our results show that "domain I" is critical for OST1 kinase activity. In contrast, we agree that "domain II" is not necessary for kinase activity but is critical for OST1
function in guard cells since we demonstrate here that integrity of the "ABA-specific" box is absolutely required for the activation of OST1 and its function in guard cell responses to ABA.
Taken together, these results suggest that the Leu333-Asp348 motif is responsible for the binding of regulatory components positively regulating OST1 kinase activity in the ABA signalling pathway. In contrast, our data suggest that the Asp348-Met362 end is involved in the negative regulation of OST1 activity in response to ABA. This is in agreement with the binding of ABI1 on the "ABA" box to negatively regulate OST1 function in the ABA signalling pathway in guard cells (Yoshida et al., 2006) .
Combining studies of OST1 kinase activity in vitro and OST1 function in guard cells, we could identify two classes of regulatory features. Serine 175 and the "SnRK2-specific" box are critical for kinase activity and the mechanisms involved are probably shared by all kinases of SnRK2 family, whatever the signalling pathway in which they act. In contrast, serines 7, 18 and 29, and the "ABAspecific" box are required for OST1 function in ABA responses of guard cells. In addition, our results suggest that serine 43 is involved in repression of OST1 activity in the absence of ABA.
These serines may be targets of upstream phosphorylation or dephosphorylation events, and the "ABA-specific" motif may bind specific regulatory components of the pathway. These phosphorylations and interactions with upstream partners may regulate the function of OST1 kinase in guard cells by modulating its activity, its stability, or recruitment of specific substrates.
mutations were generated directly in the OST1 entry vector, using the QuickChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's instructions using mutagenic oligonucleotides (Supplemental table II ). All entry clones were sequenced and displayed only the introduced mutation.
Expression in E.coli and native purification
OST1 variants were introduced using the LR recombination in a pET16b (Novagen, Madison, WI, USA) modified to Gateway™ destination vector (Invitrogen). This modification was made by insertion of an RfC cassette (Invitrogen) into a blunt ended BamH1 site. The recombined expression vectors were introduced into the E.coli Rosetta(DE3)pLysS strain (Novagen). Bacteria were grown to OD 0.6 and 0.4 mM IPTG was added to induce the production of 10xHis-tagged proteins during 3 hours at 25°C. Cells were collected by centrifugation and then lysed in the lysis buffer using both 1 mg mL -1 lysozyme and sonication. After DNAse 1 (5 µg mL -1
) and RNAse A (10 µg mL -1 ) treatment, a second centrifugation was performed to remove the insoluble fraction. Native purification was performed using Ni-NTA resin (Qiagen, Hilden, Germany) in columns according to the manufacturer's instructions. Buffers were composed of 50 mM Na 2 HPO 4 and 300 mM NaCl (pH 7.5) with 20 mM, 50 mM and 1 M imidazole respectively for lysis, wash and elution buffers.
Proteins were concentrated and dialysed using Vivaspin 2mL concentrators with 10,000 Da cut-off (Vivascience, Hannover, Germany) and finally stored at -20°C in a 50 mM Na 2 HPO 4 , 55% (v/v) glycerol buffer.
Antibody production
In order to detect and immunoprecipitate OST1 from wild-type plants, we produced an OST1-specific antibody (OST1 N ) against a synthetic peptide corresponding to the N-terminus of the protein (MDRPAVSGPMDLC). The peptide was coupled to the keyhole limpet hemocyanin through cystein
Histochemical GUS staining
A transcriptional fusion between OST1 promoter and uidA was generated by recombination of the pENTR™-gus vector (Invitrogen) with our p$POHA vector. We performed β-glucuronidase histochemical staining on five srk2e / Pro OST1 :3xHA-gus lines as described (Jefferson et al., 1987) .
Infrared thermography complementation assays
Thermal imaging was performed on leaves 5 to 10 minutes after they were detached from 3 week old plants grown in the greenhouse. The Col and srk2e controls were present on each image with transgenic lines (3 to 4 leaves from independent plants for each line). Images were obtained using a Thermacam PM250 infrared camera (Inframetrics, North Billerica, MA, USA), saved on a PCMCIA memory card and analysed using the public domain image-analysis program ImageJ version 1.32j (http://rsb.info.nih.gov/ij/) as described formerly (Merlot et al., 2002) . First, false colour scale was calibrated using the defined temperature range. Then, the complete surface of the different leaves of one line was selected and the average temperature was calculated applying the calibration line on all pixels of this surface.
Immunoblot analyses
Triple-HA tagged proteins extracted from plants were separated by SDS-PAGE using a 10%
(w/v) acrylamide gel, transferred on nitrocellulose membranes and detected by monoclonal anti-HA antibody (1:10,000 -Sigma) and 10xHis tagged recombinant proteins used for in vitro kinase assays were detected by monoclonal anti-His antibody (1:10,000 -Sigma). Then they were revealed by a horseradish peroxidase conjugated anti-mouse IgG (1:10,000 -Sigma) or anti-rabbit IgG (1:10,000) using the chemiluminescence ECL plus kit (Amersham Biosciences, Buckinghamshire, England).
All Western blot analyses were performed as described (Sambrook et al., 1989) with 0.3% (v/v) Tween 20 and 0.5% (w/v) fat free milk powder in all incubation buffers. Quantification was performed as described for in vitro kinase assays. 
